Introduction Patients receiving intravenous thrombolysis with recombinant tissue plasminogen activator (IVT) for ischemic stroke are monitored in an intensive care unit (ICU) or a comparable unit capable of ICU interventions due to the high frequency of standardized neurological exams and vital sign checks. The present study evaluates quantitative infarct volume on early post-IVT MRI as a predictor of critical care needs and aims to identify patients who may not require resource intense monitoring. Methods We identified 46 patients who underwent MRI within 6 h of IVT. Infarct volume was measured using semiautomated software. Logistic regression and receiver operating characteristics (ROC) analysis were used to determine factors associated with ICU needs. Results Infarct volume was an independent predictor of ICU need after adjusting for age, sex, race, systolic blood pressure, NIH Stroke Scale (NIHSS), and coronary artery disease (odds ratio 1.031 per cm 3 increase in volume, 95 % confidence interval [CI] 1.004-1.058, p=0.024). The ROC curve with infarct volume alone achieved an area under the curve (AUC) of 0.766 (95 % CI 0.605-0.927), while the AUC was 0.906 (95 % CI 0.814-0.998) after adjusting for race, systolic blood pressure, and NIHSS. Maximum Youden index calculations identified an optimal infarct volume cut point of 6.8 cm 3 (sensitivity 75.0 %, specificity 76.7 %). Infarct volume greater than 3 cm 3 predicted need for critical care interventions with 81.3 % sensitivity and 66.7 % specificity. Conclusion Infarct volume may predict needs for ICU monitoring and interventions in stroke patients treated with IVT.
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Introduction
Intravenous thrombolysis with recombinant tissue plasminogen activator (IVT) is the only approved therapy for acute ischemic stroke and is currently the cornerstone of therapy for patients presenting within 4.5 h of symptom onset [1] .
It is well established that stroke patients cared for in dedicated stroke units have improved mortality and long-term functional outcomes [2] [3] [4] . Stroke units, while providing organized, guideline-driven care, vary significantly in their capacity to provide intensive care unit (ICU) interventions. Whether all patients undergoing IVT require monitoring in an environment capable of ICU interventions (i.e., for invasive monitoring or mechanical ventilation) is not clear. Current guidelines suggest that post-IVT patients are monitored in an ICU or a comparable environment capable of ICU interventions for frequent vital sign checks and neurological examinations. This monitoring is resource intensive, often requiring one-to-one nursing care to allow for detection and early intervention of potential complications, such as symptomatic intracranial hemorrhage [5] . However, most patients remain free of complications requiring ICU level interventions. It is currently unclear whether routine ICU admission or intensive monitoring is medically necessary for all post-IVT patients.
ICU resources are scarce and costly. Appropriate utilization of resources in the ICU is of vital importance to provide safe and cost-effective health care. Unnecessary ICU admissions may lead to ICU and Emergency Department (ED) overcrowding, prolonged ED boarding times, and adverse patient outcomes [6] . We have previously identified AfricanAmerican race, systolic blood pressure, and stroke severity by NIH Stroke Scale (NIHSS) as predictors of critical care needs in post-IVT patients [7] ; however, the utility of post-IVT neuroimaging to predict the need for intense monitoring and ICU care post-IVT has not previously been investigated.
In the present study, we aimed to evaluate and identify early imaging characteristics on MRI that determine ICU needs post-IVT. We tested the hypothesis that quantitative measurement of stroke volume in the immediate post-IVT time period may predict need for critical care intervention. To our knowledge, this is the first study to explore associations between quantitative analysis of stroke volume immediately post-IVT and need for ICU care.
Methods

IVT protocol
At our institution, IVT is administered according to the American Heart Association's national guidelines [5] . Any patient presenting within 4.5 h with a potentially disabling deficit is considered for IVT. Post IVT monitoring conforms to the recommendations of the Brain Attack Coalition, which have become the standard of care for most stroke centers. All patients treated with IVT are monitored in the neurointensive care unit for at least 24 h after initiation of IVT and undergo neuroimaging with either CT or MRI within 24 h after treatment before being considered for transfer to the floor.
Patients and study design
This study was approved by the Johns Hopkins University School of Medicine Institutional Review Board. Patients who were treated with IVT for presumed acute ischemic stroke in the ED at Johns Hopkins Hospital and Johns Hopkins Bayview Medical Center between January 2010 and January 2014 were retrospectively identified from our prospectively collected stroke database. Patients were included in the analysis if they additionally had undergone post-IVT brain MR imaging within 6 h of IVT. Patients undergoing intra-arterial therapy were excluded from the study, as this therapy is inherently different from IVT and therefore may have other characteristics in regard to the need for ICU interventions. In addition, most patients who underwent intra-arterial therapy at our institutions during the study period were routinely sedated and intubated for the procedure, as this had been the prevailing clinical practice until recently, thus requiring post-procedure ICU care solely by virtue of having undergone intervention. Some of the included patients were included in a previously published study [7] .
Demographic data including age, sex, and race were collected for all patients. Other variables of interest included stroke risk factors: hypertension, hyperlipidemia, diabetes mellitus, smoking status, coronary artery disease (CAD), history of atrial fibrillation, prior history of stroke, and the prehospital use of antiplatelet agents, anticoagulation, and statins. NIHSS and the following physiologic parameters at presentation were recorded: blood pressure, blood glucose, and estimated glomerular filtration rate (eGFR) by the Modification of Diet in Renal Disease (MDRD) equation [8] . Data on total length of stay (LOS), length of ICU stay, discharge destination, and in-hospital mortality were collected. The presence of any critical care intervention was recorded. A critical care intervention was considered any therapy or intervention that required ICU resources as defined previously [7] . Specifically, ICU admission criteria included uncontrolled hypertension requiring titration of IV antihypertensives, use of vasopressors either for symptomatic systemic hypotension or blood pressure augmentation, need for invasive hemodynamic monitoring, uncontrolled hyperglycemia requiring IV insulin, respiratory compromise resulting in either initiation of bilevel positive airway pressure (BiPAP) or mechanical ventilation, arterial bleeding, management of cerebral edema and increased ICP, neurosurgical intervention such as decompressive craniectomy, or interventional angiography with or without intervention. Our definition of an ICU intervention also included patients with any event or complication that would require monitoring in an ICU setting even if no immediate ICU intervention was performed, such as progressive decrease in mental status with impaired airway protection, increasing oxygen requirement, or detection of potentially life-threatening arrhythmia. Patients who required ICU resources by the end of IVT or at any time over the next 24 h were compared with those patients who did not have an ICU intervention during the same time period. Symptomatic intracerebral hemorrhage (sICH) was defined as any ICH with neurological deterioration, as indicated by a change in NIHSS ≥4 compared to the baseline as described previously [9] .
Imaging analysis
All patients underwent MR imaging within 6 h of IVT. MRI examinations were performed using a 1.5-T MRI system (Siemens, PA). All MR images were reviewed by a vascular neurologist (RF). A subset of images was reviewed by a second investigator (VCU), and an intraclass correlation coefficient for a two-way random effects model was used to assess inter-rater agreement of stroke volume. Interrater reliability for quantitative infarct volume was high (ICC 0.998, 95 % confidence interval [CI] 0.991-0.999). Acute stroke on post-IVT MRI was determined qualitatively by presence of increased signal on diffusion weighted imaging (DWI) with corresponding low signal on the apparent diffusion coefficient (ADC) maps. Stroke location (supra-vs. infratentorial) and laterality were recorded. Large artery signal dropout of the large artery supplying the area of the stroke was identified by qualitative visual inspection on time-of-flight MRA. Quantitative analysis of stroke volume was performed by commercially available FDA-approved semiquantitative software (Olea Sphere, Olea Medical SAS, France). DWI, ADC, and fluid attenuated inversion recovery (FLAIR) images for each patient were coregistered with the Olea software using a 12-degree-offreedom transformation with a mutual information cost function. This was followed by visual inspection to ensure adequate alignment. The volume of the infarction was calculated by the software using threshold method defined as an apparent diffusion coefficient value less than 600×10 −6 mm 2 /s [10, 11] .
Statistical analysis
Statistical analysis was performed using Stata version 13 (Stata Statistical Software: Release 13, College Station, TX) and SAS 9.2 (SAS Institute Inc., Cary, NC). A two-sided p value of <0.05 was considered statistically significant. Continuous variables were analyzed using Student's t tests for normally distributed variables and Wilcoxon rank-sum tests (Mann-Whitney U test) for non-normally distributed variables. Categorical variables were analyzed using Pearson's chi-squared analysis, and Fisher's exact tests, when appropriate. Logistic regression models were developed to identify predictors of need for ICU resources. The primary outcome of interest was need for ICU intervention. Stroke volume on DWI-MRI was the primary predictor of interest. Multivariable logistic regression was performed adjusting for basic demographic variables including age, sex, and race. Other variables felt to be clinically important for predicting critical care needs based on univariate analysis were included, such as NIHSS and systolic blood pressure (SBP). Receiver operating characteristics (ROC) analysis was conducted using DWI data with and without additional predictors. Model selection for ROC curves was done using Akaike information criterion (AIC) values from logistic regression analysis. Maximum Youden index was used to determine the optimal statistical cut point with equal weight given to sensitivity and specificity.
Results
Patient selection and characteristics
Two hundred and two patients received IVT for acute ischemic stroke at our institution between January 2010 and January 2014, of which 148 were confirmed to have an ischemic stroke by MRI or CT. A total of 46 consecutive patients with post-IVT MR imaging within the first 6 h of IVT were identified from our database and were included in this study. The remaining patients were excluded because MRI was either not performed (i.e., due to pacemaker, claustrophobia, etc.) or was obtained more than 6 h after IVT. Included and excluded patients did not significantly differ with regard to age, sex, race, NIHSS at presentation, blood pressure, frequency of ICU need, and other clinical or physiological characteristics. Baseline characteristic of patients who were screened but not included in the final analysis can be found as a Supplemental table.
The average age for the 46 patients included in this study was 64.4 years (range 32-89); 60.9 % were male, and 43.5 % were African American. The median NIHSS was 8 (interquartile range [IQR] 4-16). Thirty-five patients (76.1 %) had a history of hypertension, 21 (45.7 %) had a history of hyperlipidemia, 10 (21.8 %) had a prior history of diabetes mellitus, 13 (28.3 %) had a history of CAD, and 7 (15.2 %) had a history of atrial fibrillation. The mean SBP at presentation was 164 mmHg, and the median serum glucose upon presentation was 119 mg/dl. Two patients (4.4 %) developed a symptomatic ICH. The median time to MRI after IVT was 1 h (IQR 0-2), and the median stroke volume was 2.8 cm 3 (IQR 0.5-17.4). Stroke location was supratentorial in 43 patients (93.5 %). Among patients with supratentorial stroke, 58.1 % were left-sided, 32.6 % were right-sided, and 9.3 % were bilateral. The median duration of ICU stay was 2 days (IQR 2-3). Further baseline patient characteristics are presented in Table 1 .
Patients requiring an ICU intervention (16, 34.8 %) were compared to those patients who did not have critical care needs (30, 65.2 %). The characteristics of these two groups including age, gender, race, NIHSS, stroke risk factors, medications for secondary stroke prevention, as well as blood pressure, blood glucose, eGFR at presentation, and relevant imaging characteristics are summarized in Table 1 . Patients requiring an ICU intervention were more likely to be African-American (p= 0.012), had higher NIHSS (p=0.033), presented with higher SBP (p=0.009), and had higher infarct volumes (p=0.003). The need for an ICU interventions was associated with longer ICU stay (p=0.006) and increased mortality (p=0.001).
Of the 16 patients requiring ICU care, the most common critical care interventions were management of respiratory compromise (10/16, 62.5 %), IV drips for uncontrolled hypertension (6/16, 37.5 %), management of cerebral edema (4/16, 25 %), and management of sICH (2/16, 12.5 %). Six of the 16 patients (37.5 %) required more than one critical care intervention. 
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A range of infarct volume cutoffs were tested for sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV). An infarct volume cutoff of 3 cm 3 identified patients requiring ICU interventions with a sensitivity of 81.3 %, specificity of 66.7 %, PPV of 56.6 %, and NPV of 87.0 %, while an infarct volume cutoff of 10 cm 3 identified need for ICU care with a sensitivity of 62.5 %, specificity of 80.0 %, PPV of 62.5 %, and NPV of 80.0 % (Fig. 1b) . Maximum Youden index calculations identified an optimal infarct volume cut point of 6.8 cm 3 (Youden index 0.52, sensitivity 75.0 %, specificity 76.7 %). The predicted values for sensitivity, specificity, PPV, and NPV at various infarct volumes are shown in Fig. 1b .
Discussion
In the present study, we show that quantitative stroke volume on post-IVT MRI is associated with increased need for ICU care, and we define infarct volume cutoffs predicting need for ICU care.
All post-IVT patients undergo resource intense monitoring for at least 24 h regardless of patient demographics or other clinical or physiological variables, typically in an ICU or comparable stroke unit, capable of ICU interventions and monitoring. Little data exist as to whether this "one size fits all" approach is necessary; however, since post-IVT patients vary with regard to age, stroke severity, and other medical comorbidities, it is conceivable that resource intense monitoring may be necessary for some, but not all, patients.
Clinical parameters have previously been used to predict critical care needs in post-IVT patients. We have recently shown that NIHSS as a measure of stroke severity is a predictor of ICU care in post-IVT patients [7] . NIHSS correlates with infarct volume [12] and large arterial occlusion [13] . NIHSS and infarct volume were positively correlated in our study (Spearman's rho 0.52, p<0.001); however, infarct volume was a better predictor of critical care needs than NIHSS and remained an independent predictor of requiring ICU care after adjusting for NIHSS in our multivariate model.
In order to utilize MRI as a triaging tool to determine the appropriate monitoring environment for IVT patients, timely imaging is crucial in order to prevent triage delay. Infarct volume at any given ADC threshold is dynamic over time in the setting of ongoing ischemia. Pre-IVT MRI has previously been used to predict outcome in stroke patients [14] ; however, routine pre-IVT MRI is currently not feasible at most institutions and may delay initiation of treatment. In the present study, we included patients with MR imaging obtained within the first 6 h of IVT, although as many as 75 % of patients underwent MR imaging within the first 2 h. The ADC threshold of 600 was chosen as this is widely considered the threshold associated with irreversible tissue damage [15] . In addition, DWI volume at this threshold has been shown to provide a surrogate of final infarct volume [16] . Although we selected all patients on the basis of a DWI lesion by visual inspection of post-IVT MRI, a small subgroup of four patients had a quantitative stroke volume of 0 cm 3 at ADC threshold 600. The presence of DWI changes with corresponding ADC values above 600 indicates that irreversible tissue damage may not have taken place at the time of imaging. Since our measured infarct volumes do not account for areas of diffusion restriction at ADC values exceeding 600, our computed cutoff values may underestimate the DWI volume estimated by mere visual inspection. Figure 2 shows the MRIs of two representative patients, both with seemingly comparable DWI volumes by visual inspection (Fig. 2a, c) . Patient 1 has a DWI lesion with a relatively small core of diffusion restriction below ADC threshold 600, with surrounding tissue restricting diffusion at higher ADC values (Fig. 2a, b) . In contrast, the DWI lesion of patient 2 restricts almost entirely below the 600 threshold (Fig. 2c, d ). The computed infarct volumes at ADC threshold 600 were 3.9 cm 3 for patient 1 and 9.2 cm 3 for patient 2. Patient 2 required ICU care while patient 1 did not. Both patients underwent MRI within the first hour of completion of IVT. This example emphasizes the point that measured infarct volume at ADC threshold 600 may predict need for ICU care more reliably than the size of the DWI lesion obtained by mere visual inspection.
The clinically "optimal" infarct volume cut-off for any given test depends on the desired sensitivity and specificity with which prediction is made. The optimal infarct volume cut-off for predicting ICU need was 6.8 cc when accounting for sensitivity and specificity with equal weight (Youden index 0.52). Safety and early recognition of complication is of vital importance in post-IVT monitoring, rendering high sensitivity with a low rate of false negatives desirable (patients falsely classified as not requiring ICU care who later end up needing ICU care). Thus, a lower infarct volume cutpoint may be considered "optimal" in order to predict need for ICU care with a high level of sensitivity (i.e., 3 cm 3 predicting need for ICU care with a sensitivity of more than 80 %).
Our infarct volume cutoffs predicting critical care needs might appear relatively modest at first glance. However, since perfusion volume was not taken into account in the present study, the infarct volume within the first hour after IVT obtained here may underestimate the more commonly published final infarct volume because of ongoing ischemia in hypoperfused brain tissue and because early infarcted brain tissue may not entirely restrict diffusion at the ADC 600 threshold yet when assessed within 6 h.
Our study has the following strengths. We employed a stringent case definition by restricting the study population to include only patients with stroke confirmed by DWI, thus excluding the possibility of inadvertently studying alternate diagnoses, i.e., stroke mimics. Utilizing quantitative stroke volume at a defined ADC threshold by the software employed in our study ensures the generation of objective volume cutoffs. The only MRI sequences required to determine infarct volume are DWI and FLAIR. Both sequences can be obtained in less than 10 min, thus presenting only minimal interruption of the recommended post-IVT monitoring schedule, if any. In addition, post-processing of MR images with the commercially available software used our study can be accomplished within several minutes and requires relatively little effort and training.
Our study has several limitations. This is a retrospective analysis of a relatively small number of patients. Patients were selected based on the presence of ischemia on DWI imaging obtained within 6 h of IVT. Since there currently is no convincing evidence to support early MR imaging after IVT, most patients in our database screened for this study had undergone MR imaging beyond 6 h after IVT. The time-point of MR imaging at our institution is mainly driven by MR scanner availability, time of the day, ED workload, and ICU bed availability, rather than clinical criteria, although we cannot exclude that some of the MRIs obtained within 6 h post-IVT were done for a clinical reason. In addition, triaging of post-IVT patients is not contingent on MR imaging characteristics at our institutions, and currently, all patients undergoing IVT are subsequently monitored in the ICU for at least 24 h. While ICU interventions, procedures, and medication administration were well documented in the vast majority of cases, relying on accuracy of medical records has the potential to result in missing or inaccurate information by virtue of the retrospective nature of this study. Our study population was derived from two single stroke centers over the course of 4 years. Therefore, extrapolating our results to community hospitals must be done with caution. In addition, MRI is not universally and readily available at all institutions, potentially limiting generalizability. Finally, indications for ICU admission and interventions may differ among institutions across the USA, and the model described in this study might therefore not be valid in institutions where ICU admission criteria differ significantly from ours.
Triaging decisions in stroke patients are multifactorial and complex. Clinicians have to take a variety of parameters into account when determining the appropriate monitoring environment for each patient, including demographics, physiological parameters, and disease trajectory. Automated imaging systems have been developed to select patients for acute stroke therapy [17] . A similar approach may be taken with regard to monitoring intensity after IVT, in which MRI-based selection of a distinct subpopulation of patients with low probability of requiring ICU resources is feasible. Volumetric analysis on post-IVT MRI may aid in the selection of patients who are at low risk for requiring ICU resources. However, prospective studies are needed to validate our findings and to establish the safety of DWI-volume-based patient selection for low-intensity monitoring after IVT.
